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Method of magnetic resonance imaging 

This is a continuation of International Application 
PCT/GB99/03134, with an international filing date of 
5 September 21, 1999. 

This invention relates to improvements in and relating 
to methods of magnetic resonance imaging, in particular 
imaging of blood oxygenation levels, and to the use of 
magnetic materials for the manufacture of contrast media for 
10 use in methods of diagnosis involving such methods of 
imaging . 

In magnetic resonance angiography, magnetic resonance 
(MR) imaging of the vascular tree, it is a problem to 
distinguish arteries from veins. Conventional MR contrast 
15 agents with a prolonged blood half life, ie. which remain in 
the circulating blood for a prolonged period, will generally 
give equal enhancement of veins and arteries. Consequently, 
in the resultant MR images, arteries cannot be distinguished 
from veins . 

2 0 The present invention relies on the use of a contrast 

agent which has a water proton T2 and Ti reducing effect and 
which is retained in the blood plasma, i.e. which neither 
distributes significantly into the interstitium nor crosses 
cell membranes. With such contrast agents, hereinafter 
25 referred to as "T2 blood pool agents", present in the blood 
there are two different contributions to T2 reduction for 
water protons in blood - reduction due to diffusion past the 
contrast agent in the blood and reduction due to diffusion 
through the magnetic field gradients due to the differences 

3 0 in magnetisation between the interior and exterior of the 

red blood cells. The second of these contributions is 
dependent on the oxygenation state of the haemoglobin in the 
red blood cells. In the veins the haemoglobin is 
deoxygenated and as a result the red blood cells are 



paramagnetic while in the arteries the haemoglobin is 
oxygenated and the red blood cells are diamagnetic. Thus 
the differences in magnetisation between the interior of the 
red blood cells and the exterior contrast agent containing 
plasma are different in the veins than in the arteries and 
T2* will accordingly be different. Since the magnetisation 
difference contributes only to a T2 reduction and not a Ti 
reduction, the MR signal intensity from the veins will be 
different from that from the arteries. 

A further effect also facilitates differential 
enhancement of the venous signal relative to the arterial 
signal. Thus since blood flow is generally slower and less 
pulsatile in veins, there is less signal loss due to 
intravoxel dephasing in veins than in arteries. 

While the contrast agent is referred to as a T2 blood 
pool contrast agent, this is not intended to indicate that 
the T2 reducing effect of the contrast agent dominates over 
its Ti reducing effect in terms of its overall effect on MR 
signal intensity. Thus the Ti reducing effect may indeed 
dominate in veins and even in arteries with the result being 
an increase in MR signal strength. In other words the T2 
blood pool contrast agent may nonetheless function as a 
"positive" contrast agent, that is to say one which 
increases MR signal strength in the regions into which it 
distributes . 

Thus viewed from one aspect the present invention 
provides a method of magnetic resonance imaging of regional 
blood oxygenation which comprises: administering into the 
vasculature of a vascularised human or non-human animal 
(e.g. a mammal, reptile or bird) subject a T2 blood pool 
contrast agent; preferably waiting until the contrast agent 
is uniformly distributed in the subject's blood pool; 
detecting a magnetic resonance signal from at least part of 
the vasculature of said subject into which said contrast 



agent distributes; and manipulating said signal to generate 
an indication of the partial pressure of oxygen (PO2) (e.g. 
an image indicative of PO2) in at least part of said 
vasculature, e.g. to differentiate between veins and 
arteries or to identify a region of ischemia. 

As the concentration of the T2 contrast agent in the 
blood increases, R2* (i.e. I/T2*) of deoxygenated blood 
first decreases as the contrast agent reduces the 
susceptibility effect of the paramagnetic red blood cells 
and then increases as it causes the magnetisation in the 
plasma to exceed that within the red blood cells. In 
oxygenated (arterial) blood however, R2* generally increases 
as T2 contrast agent concentration increases. Since, in the 
absence of the contrast agent, R2* of deoxygenated blood is 
greater than that of oxygenated blood, there is a 
concentration range over which R2* is substantially the same 
in both oxygenated and deoxygenated blood, i.e. a range of 
"matched susceptibility" . 

Thus both below and above the matched susceptibility 
concentration range, MR signal strengths from oxygenated and 
deoxygenated blood will differ and veins and arteries may be 
distinguished from each other in MR images. Below the 
matched susceptbility concentration range, oxygenated blood 
will show up brighter than the deoxygenated blood in the MR 
images. Above the matched susceptibility range, oxygenated 
blood will show up darker in the MR images than the 
deoxygenated blood. 

In the method of the invention the T2 contrast agent is 
preferably administered in a dose which, when distributed 
evenly in the blood pool (e.g. after a period of 10 to 100 
minutes post administration, preferably 15 to 3 0 minutes) at 
a concentration in the blood which is greater than the 
concentration at which the difference in R2* of the 
oxygenated (arterial) and deoxygenated (venous) blood is 
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minimum (i.e. above the matched susceptibility range), e.g. 
a whole blood concentration of above 0.4 mM Fe for 
superparamagnetic iron oxide (SPIO) contrast agents, 
preferably above 0.5 mMFe, more preferably 0.5 to 2 mM Fe . 
5 For humans, this corresponds to a contrast agent dosage of 1 
to 8 mg Fe/kg bodyweight. 

For sub-matched susceptibility concentrations, e.g. 
0,05 to 0.5 mM Fe (or more preferably 0.05 to 0.3 mM Fe) for 
SPIO contrast agents or 0.2-10 mM Gd (e.g. 0.8 to 4 mM Gd) 
10 for gadolinium chelate blood pool contrast agents (using 
clinically used magnetic field strengths of 1 to 1.5T for 
example) it is still feasible to differentiate veins from 
;3 arteries and to improve the assessment of the difference 

between R2* in veins and arteries. 
^2 15 At sub-matched susceptibility concentrations, it is 

=^ possible to use the inherent difference in dipolar 

1^ transverse relaxation times (T2) between arteries and veins 

;3 to differentiate arterial from venous structures. The dose 

of the conrast agent in this embodiment of the invention 

2 0 should desirably be low enough not to significantly alter T2 
}^ of blood but high enough to significantly shorten Ti of 

;3 blood relative to baseline. In this way, by using MR 

acquisition sequences which are sensitive to relatively 
small T2 differences and also sensitive to short Ti values, 
25 it is possible to obtain images with bright vessels in 

general, with the arteries (with longer T2) brighter than 
the veins. Particularly suitably a non-spoiled gradient 
echo sequence with a relatively short TR (e.g. TR is less 
than T2 of blood) is used. Spoiling (removal of transverse 

3 0 magnetization prior to each new excitation) is normally 

applied in MR angiography to optimize Ti sensitivity. 
However by not spoiling, the available magnetization (Mz) 
and hence signal intensity, is modulated by the inherent T2 
of the blood. A longer T2 will increase Mxy (magnetization 
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in the x-y plane) and hence signal intensity since T2 of 
oxygenated blood is longer than T2 of deoxygenated blood. 
Consequently oxygenated blood will show up brighter in the 
MR images than deoxygenated blood* A "driven equilibrium" 
5 type of sequence can be applied where the remnant transverse 
magnetization is brought back into the direction of the main 
magnetic field (Mz) prior to each new excitation pulse. 
Moreover it is possible to subtract image data sets for a 
spoiled and a non-spoiled sequence. In the spoiled image, 

10 arteries and veins will have essentially equal signal 

intensity (since there is no T2 sensitivity) while in the 
non- spoiled image, arteries will appear brighter than veins. 
Subtracting the two will enhance the ability to 
differentiate arteries from veins. For this technique, a 

15 paramagnetic rather than superparamagnetic contrast agent is 
preferred. 

As mentioned above, increasing T2 contrast agent 
concentration results in increasing R2* in oxygenated blood. 
The increase is dependent on contrast agent concentration, 
2 0 oxygenation (i.e. PO2) and hematocrit (i.e. the percentage 
volume of whole blood which is red blood cell) . 

Hematocrit may be determined by taking a blood sample. 
Alternatively however since, for oxygenated arterial blood, 
oxygenation may be assumed to be about 97% and determination 
2 5 of R2* and Ri (i.e. l/Ti, which is dependent on contrast 

agent concentration) for arterial blood enables hematocrit 
to be determined and determination of R2* for venous blood 
enables the oxygenation level of the venous blood to be 
determined and the oxygen uptake of specific organs to be 
30 estimated. 

Viewed from another aspect the invention provides a 
method of magnetic resonance imaging of regional blood 
oxygenation which comprises administering into the 
vasculature of a vascularised human or non-human animal 
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subject a T2 blood pool contrast agent, detecting a magnetic 
resonance signal from at least part of the vasculature of 
said subject into which said contrast agent distributes, and 
manipulating said signal to provide differential enhancement 
5 of arteries and veins. 

Since the magnetisation of the blood plasma, following 
administration of the T2 contrast agent into the 
vasculature, is dependent on the local concentration and the 
magnetisation of the contrast agent, the difference in MR 
10 signal intensity between arteries and veins or between 

normal and ischemic tissue will be dose -dependent and also, 
in echo imaging techniques, echo time (TE) dependent. Thus, 
Pi in one preferred embodiment of the invention, MR signal 

y detection and manipulation will involve generation of (at 

^il 15 least) two MR images, one more T2 dependent than the other. 

Iff and comparison of the images whereby to selectively 

visualise regions of lower or higher blood oxygenation, 
n Such comparison may for example involve subtraction of one 

image from the other, optionally after normalisation of one 
20 or both images to enhance the selective visualisation, e.g. 
fli by setting the image intensity for a selected region of 

interest to the same value in both images . 

The relatively more and less T2 dependent images may be 
generated by conventional MR imaging sequences, e.g. from 

2 5 echo sequences involving shorter or longer echo times 

generated sequentially or alternatingly (i.e. interleaved 
sequences) . In a particularly preferred embodiment however 
a double echo sequence may be used with the two images being 
generated from earlier and later echos . Thus a double echo 

3 0 sequence may advantageously be used - the first (short TE) 

echo will give almost equal signal intensity for veins and 
arteries (or normal and ischemic tissue) while the second 
(long TE) echo will have higher signal intensity for veins 
than for arteries, etc. Subtracting the first image from 



the second will selectively visualise arteries or veins. 
Furthermore by evaluating the relative degree of oxygenation 
(i.e. PO2) of the blood flowing to and from a tissue or 
organ, the oxygen consumption of that tissue or organ can be 
evaluated. The blood p02 can be determined in a 
quantitative, semi-quantitative or qualitative manner, for 
example by comparison with calibration values determined for 
known p02 and contrast agent concentration values. 

Thus viewed from a further aspect the invention 
provides method of magnetic resonance imaging of a human or 
non-human animal subject which comprises administering into 
the vasculature of said subject a T2 blood pool contrast 
agent, generating at least two images of at least part of 
said subject, a first of said images being more T2-dependent 
than a second of said images, and comparing said first and 
second images (e.g. by subtraction of one from the other) 
whereby to obtain an image providing an indication of 
regional blood oxygenation in said subject. 

In the methods of the invention the optimal echo time 
needed to maximise the signal intensity between oxygenated 
and deoxygenated blood can be calculated for a given 
difference in R2 . Given that the signal intensity (SI) is 
proportional to exp(-R2*TE), the relative difference in SI 
between blood with different R2 is given by: 

delta SI - A * (exp(-R2i*TE) - exp ( -R22*TE) } 

where A is a constant and R2i and R22 are the 
relaxation rates of arterial and venous blood respectively. 

Taking the partial derivative with respect to TE one 
obtains : 



TEopt - ln(R2i/R22)/(R2i - R22) 
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where TEopt is the optimal TE for maximum SI difference 
between blood with relaxation rate of R2i and R22 
respectively. 

As an example, using typical R2 values in oxygenated 
and deoxygenated blood respectively, one gets: R2i = 230 s"^ 
and R22 = 130 s'^ giving 

TEopt = In(230/130) / (230 - 130) = 5,7 ms . 

It is seen from the above that the optimal TE for 
maximum SI difference beween arteries and veins depends on 
the absolute value of the relaxation rates as well as the 
relative difference in R2 between arteries and veins. 

In the methods of the invention, the contrast agent 
dosage will preferably be such as to substantially cancel 
out the magnetisation difference between plasma and 
deoxygenated (venous) blood. The appropriate dosage will 
thus depend on the blood pool volume of the subject, the red 
blood cell count of the subject, the magnetic susceptibility 
of the contrast agent and the field strength of the magnet 
in the MR imaging apparatus. The first of these can readily 
be estimated to a sufficient level of accuracy, the second 
can be measured or estimated, the third can readily be 
measured and the fourth is known for each apparatus. 

It is known that the susceptibility difference Ax 
between red blood cells and plasma in venous blood with 
about 40% hematocrit is about 8x10"^ cgs/cm\ At a magnetic 
field strength of 1.5T this corresponds to a magnetisation 
difference AM of 1.2 A/m. The magnetisation at 1 . 5T of the 
PEGylated superparamagnetic particulate contrast agent 
described in WO97/25073 is 4 . 5 A/m /mMFe and as a result a 
dose of that agent which provides a plasma concentration of 
0.26 mMFe will reduce AM to about zero and minimise R2 in 
the venous blood. Provided that the blood iron 



concentration is equal to or higher than the concentration 
which minimises R2* (I/T2*) relaxation rate of venous blood, 
the blood in the veins will have a greater T2 value than 
that in the arteries and will thus give a different MR 
signal intensity. The optimal blood iron concentration for 
distinguishing between venous and arterial blood will depend 
on the actual T2 and Ti values of such blood and on the MR 
imaging sequences used. 

Generally speaking for subjects of a given species, the 
R2* values for oxygenated and deoxygenated blood may be 
measured at the field strength of the primary magnet of the 
MR imager to be used and a blood contrast agent 
concentration should be used at which the two R2* values are 
sufficiently different that a difference in signal intensity 
between venous and arterial blood may be observed (cf . 
Examples 3 and 4 below and Figures 2 and 3) . 

Approximating the blood pool volume as 80 mL/kg 
bodyweight for mammals such as humans this corresponds to a 
dosage of about Img Fe/kg. Thus for human subjects the 
contrast agent dosage will preferably be in the range 0.2 to 
8 mgFe/kg bodyweight, more preferably 0.5 to 6 mg/kg, still 
more preferably 1 to 5 mg/kg. 

Thus viewed from a further aspect the invention 
provides a method of magnetic resonance imaging of a 
mammalian, preferably human, subject which comprises 
administering a T2 blood pool superparamagnetic iron oxide 
contrast agent into the vasculature of said subject and 
generating a T2 -dependent (e.g. T2 weighted) magnetic 
resonance imaging of at least part of said subject, the 
improvement comprising administering said contrast agent at 
a dosage in the range 0 . 2 to 8 mgFe/kg bodyweight, 
preferably 1 to 5 mg/kg, etc. 

The methods of imaging of the invention may optionally 
be defined as involving only the steps subsequent to the 
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administration of the contrast agent. Besides 
distinguishing between venous and arterial blood or between 
normal and ischemic tissue, the methods of the invention 
will allow lung function to be studied. Likewise the 
5 methods may be used to study kidney structure and function 
and tumor structure and development . Images where the 
contrast agent provides contrast enhancement of blood 
vessels may be used to detect the regions of the lung with 
abnormal blood supply; however the T2 enhancement of the 
10 signals from deoxygenated blood may also be used to detect 
regions within the lung where oxygen uptake is abnormal, 
e.g. as a result of tumors or airway obstructions, 
C3 Thus viewed from a further aspect the invention 

J;J provides a method of magnetic resonance imaging of lung 

15 function in a human or non-human subject, said method 
Y^- comprising administering into the vasculature of said 

subject a T2 blood pool contrast agent, generating a T2- 
M dependent magnetic resonance image of at least part of the 

}^ lungs of said subject and identifying regions of abnormal MR 

iJ 20 signal intensity within the lungs. 

l^t The T2 blood pool contrast agent used in the methods of 

j;3 the invention may be any physiologically tolerable 

-'"^ paramagnetic, superparamagnetic, ferromagnetic or 

f errimagnetic material which may selectively increase 
25 magnetisation of blood plasma without substantially 
influencing the PO2 within the red blood cells. 
Conveniently the material will be one which has a blood half 
life (measured for example in the pig) of at least 15 
minutes, preferably at least 3 0 minutes, more preferably at 
3 0 least 1 hour. Generally the contrast agent will be a water- 
soluble or water-dispersible material, e.g. a polychelate 
(preferably a dendrimeric polychelate) of a transition metal 
or lanthanide or it will be a particulate material, e.g. 
having a particle size of 1 to 8000nm, preferably 5 to 



500nm, especially preferably a particulate material having 
on or as its surface a blood residence prolonging agent, for 
example a polyalkylene oxide (e.g. polyethyleneglycol) or a 
glycosaminoglycan (e.g. heparin, dermatan, hyaluronic acid, 
keratan, chondroitin, etc.). Particulate agents maybe 
solids (e.g. single substances or aggregates containing a 
matrix material and a magnetic material) or they may even be 
droplets of water- insoluble liquid materials. Particulate 
agents will generally be preferred to water soluble agents. 

SPIOs having a ra/ri ratio of less than 2.3, particularly 
less than 2.0, are especially preferred. 

The magnetic property of the contrast agent which is of 
particular concern is its magnetic susceptibility. 
Accordingly where the contrast agent is paramagnetic it is 
preferred that the paramagnetic centres be high 
susceptibility lanthanide metal ions which possess high Ti 
relaxivity, such as for example Gd or Eu. Examples of 
gadolinium-based agents include gadolinium metallated 
polychelants, e.g. poly lysine poly GdDTPA and cascade 
polymer or dendrimer based gadolinium polychelates . The 
magnetic susceptibility of superparamagnetic materials is 
markedly higher than that of paramagnetic materials and it 
is especially preferred that the T2 contrast agent be or 
contain a superparamagnetic material, e.g. an iron oxide or 
mixed iron oxide, for example magnetite. Superparamagnetic 
contrast agents are also preferred since they are generally 
fully magnetised at the field strengths used in chemical 
imaging. By contrast, the magnetisation induced by a 
chelate-based contrast agent is field dependent. 

Many susceptibility agents have been described in the 
patent literature by companies such as Nycomed, Schering, 
Advanced Magnetics, Silica Gel, BASF, Sterling Winthrop, 
MBI, The General Hospital Corp, Meito Sangyo, etc. An 
exemplary T2 blood pool agent is the PEGylated 
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superparamagnetic material disclosed by Nycomed Imaging AS 
in WO97/25073. 

Thus viewed from a further aspect the invention 
provides use of a physiologically tolerable paramagnetic, 
5 f erriraagnetic^ ferromagnetic or more preferably 

superparamagnetic material for the manufacture of a contrast 
medium for use in a method of diagnosis which involves a 
method of imaging according to the invention. 

While the methods of the invention will normally 

10 involve generating an image of at least a vascularised part 
of the subject ^s body in which arteries and veins are 
interdistinguisable by virtue of signal intensity (e.g. 
pixel colour or shade), this need not be the case. Regions 
of interest comprising arteries and/or veins may be 

15 selected, for example from pre-contrast images, and R2* 

and/or Ri values for such regions determined post-contrast 
and manipulated to produce graphs or simple numerical values 
indicative of p02 or oxygen consumption by an organ to which 
or from which such vessels lead. Likewise p02 (or oxygen 

20 consumption) may be determined in a quantitative or semi- 
quantitative way, for example in absolute pressure (or 
volume) values or as percentages of attainable oxygenation 
levels, etc. Thus in one preferred embodiment, images may 
be generated in which pixel color or shade within visualised 

25 vasculature is directly dependent on p02 or % oxygenation. 
In this way for example lung function may be visualised by 
such selective coloring or shading of the veins leading back 
from the lung to the heart. In an alternative embodiment 
R2* values may be used to characterise visualisable 

30 vasculature as simply containing oxygenated or deoxygenated 
blood with one color or shade value being assigned to 
oxygenated and another to deoxygenated. 

The invention will now be described further with 
reference to the following non-limiting Examples and the 
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accompanying drawings in which: 

Figure 1 is a plot of T2* (for water protons) as a 
function of contrast agent concentration in venous blood; 

Figure 2 is a magnetic resonance image of the human 
groin produced using a method according to the inventions- 
Figure 3 is a plot of R2* (ie. I/T2*) values against 
iron concentration obtained at 3 00 MHz in fully oxygenated 
(>) and fully deoxygenated (□) blood; 

Figure 4 shows a plot of R2 relaxation rate of 
oxygenated and deoxygenated whole human blood as function of 
contrast agent concentration at 1.5 Tesla (R2* calculated 
using a double echo gradient echo sequence with TE1=1,7 ms 
and TE2=10 ms) ; 

Figure 5 is a phantom image showing effect of 
oxygenation on blood signal with a 0 . 5 mM Fe dose of the 
contrast agent of Example 1 (Sample 1 contains fully 
deoxygenated blood with a hematocrit of 53%, Sample 2 
contains fully oxygenated blood with the same hematocrit. 
Sample 3 contains fully deoxygenated blood with hematocrit 
of 23%, Sample 4 contains fully oxygenated blood with 
hematocrit 23% and Sample 5 contains plasma (zero 
hematocrit): Image sequence: 3D gradient echo, TR=10 ms, 
TE=:6 ms, flip = 40 deg) ; 

Figure 6 is a difference image obtained by subtracting 
the first echo image (TE=1.7 ms) from the second echo image 
(TE=6 ms Figure 5) ; 

Figure 7 is an MR image of a phantom containing blood 
samples - sample 0 is a control blood sample, samples 1 to 6 
(the inner ring) are fully oxygenated blood containing the 
SPIO agent of Example 1 at 0.24, 0.48, 0.57, 0.69, 0.96 and 
0.13 mM Fe, similar Fe concentrations but at 0%, 25%, 50% 
and 75% oxygenation appear in the outer and middle rings; 

Figure 8 is a graph showing the correlation between Fe 
concentration and R2* as a function of blood oxygenation (□ 
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fully oxygenated, > 50% oxygenated, □ deoxygenated) ; 

Figure 9 is a graph showing the correlation between R2* 

and blood oxygenation as a function of Fe concentrations- 
Figure 10 is an MR image of the abdominal region of a 

5 pig; 

Figure 11 is a graph showing NMR linewidth as a 
function of Fe concentration in oxygenated (□) and 
deoxygenated (□) blood; 

Figure 12 is a graph showing NMR linewidth as a 
10 function of gadolinium concentration in oxygenated {□) and 
deoxygenated (□) blood; 

Figure 13 is a graph showing the correlation between 
R2* of human blood against Gd concentration as a function of 
blood oxygenation {□ oxygenated, □ deoxygenated) ; 
15 Figure 14 is an MR image of a phantom containing 

oxygenated (inner circle) and deoxygenated blood at Gd 
concentrations of from 0.5 to 9,4 mM (increasing in the 
clockwise direction) ; and 

Figures 15 and 16 are spoiled and non-spoiled gradient 
2 0 echo images of oxygenated, partially oxygenated and 
deoxygenated blood in a phantom, 

EXAMPLE 1 

Contrast agent 

25 An aqueous suspension of a PEGylated superparamagnetic 

particulate contrast agent was produced essentially as 
described in the Example 12 of WO97/25073. The properties 
of the contrast agent were as follows: [Fe] = 30.2 mg Fe/mL; 
density 1.0589 g/mL; ri = 19.3 s"^mM~^; rs = 31.2 s'^mM"^; rs/ri 

30 =1.61 (at 20 MHz and 37EG) ; saturation magentizat ion 
(Msat) = 84 emu/g Fe . 

EXAMPLE 2 

Effect of contrast agent concentration 
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T2* was determined in a field of 1 . 5T for samples of 
pig venous blood containing various concentrations of the 
contrast agent of Example 1. As may be seen from Figure 1, 
T2*' initially increases and subsequently decreases as the 
5 contrast agent concentration is increased. Maximum T2* 
values occur in the concentration range 2 to 10 |ag Fe/mL. 

EXAMPLE 3 

Imaging 

10 A dose of 4 mgFe/kg of the contrast agent of Example 1 

was administered iv to a 80 kg healthy human volunteer. 

3 0 minutes after contrast agent administration the 
groin area of the volunteer was imaged in a Philips Gyroscan 
ffi NT 1.5T MR apparatus using a Tl-FFE imaging sequence with RT 

15 = 10 ms and TE = 4 ms . The vena cava and iliac veins were 
i2 clearly visualisable whereas the arterial vessel tree had a 

.:S much lower signal intensity (see Figure 2) . 

p EXAMPLE 4 

J;;f 2 0 Effect of iron concentration 

fn. R2* relaxivity (in s'^) was determined at 300 MHz (7T) 

Q using the contrast agent of Example 1 in fully oxygenated 

' ' and fully deoxygenated human blood. The results are plotted 

in Figure 3. In oxygenated blood, R2* increases constantly 
25 with increasing iron concentration. In deoxygenated blood 
on the other hand R2* initially decreases with increasing 
iron concentration, reaching a minimum at about 2 mMFe, 
whereafter it begins to increase. At all iron 
concentrations above 1 mMFe, R2* is higher for oxygenated 
3 0 blood than for deoxygenated blood. 

EXAMPLE 5 

Effect of contrast agent on fully oxygenated and fully 



deoxygenated blood 
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The effect of the contrast agent of Example 1 on 
oxygenated and deoxygenated whole human blood was 
investigated in a phantom model at 1.5 Tesla (Philips NT, 
Philips Medical Systems, The Netherlands) . Human whole 
5 blood was obtained from a blood bank (Oslo, Norway) , All 
blood contained 5000 lU of sodium heparin (equivalent to 
1.35 ml heparin/450 ml blood) as the anti-coagulant. All 
blood was obtained fresh from the blood bank and stored at 
4EC prior to use. All samples were analysed within 72 
10 hours after blood collection. 

Blood deoxygenation was achieved by adding sodium 
dithionite to the blood sample immediately prior to imaging 
C3 (the exact degree of deoxygenation however was not 

J:^ determined for this Example) . Fully oxygenated blood was 

1^ 15 obtained by gently bubbling oxygen through the sample. 

A double echo 3D gradient echo sequence was used to 
calculate the R2* relaxation rate of the blood samples. The 
P. sequence parameters were as follows: TR = 13 ms, flip =40 

i;':^ degrees, TEi = 1.7 ms, TE2 = 10 ms, slice thickness = 2 mm, 

M 20 matrix = 256*256, field of view = 250 mm. 

;,[t R2* relaxation rates was calculated from the signal 

p intensity difference between the images obtained at the 

first and the second echo. Assuming a monoexponential decay 
of the signal intensity as a function of R2* relaxation 
25 rate, R2* can be expressed as follows: 

R2*(s'^) - ln(SIi/Sl2)/(TE2 - TEi) 

where SIi = Signal intensity at first echo (TEi = 1.7 ms) 
30 SI2 = Signal intensity at second echo (TEi = 10 ms) 



Figure 4 shows the variation in R2* as a function of 
contrast agent concentration for fully oxygenated and 
deoxygenated blood. At the lowest concentration 
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investigated (0.1 mM Fe) , deoxygenated blood has slightly 
larger R2* than oxygenated blood. At higher concentrations, 
the R2* of oxygenated blood increased more rapidly than for 
deoxygenated blood. At the highest contrast agent 
5 concentration investigated (0.5 mM Fe) the difference in R2* 
between oxygenated and deoxygenated blood was found to be 
approximately 100 s"^. This difference could easily be 
observed in the image as seen in Figure 5. The dramatic 
effect of changing the blood hematocrit was also notable. 

10 Sample 1 and sample 3 are both deoxygenated with the same 
contrast agent concentration. However sample 1 has a 
hematocrit of 53% and sample 3 has hematocrit of 23%. By 
subtracting the first echo from the second echo image the 
resulting subtraction image (Figure 6) shows more signal 

15 from the oxyogenated blood than from the deoxygenated blood 
because of a larger signal drop from the first to the second 
echo in the oxygenated blood. 

EXAMPLE 6 

20 Effect of contrast agent concentration and percent 

blood oxygenation on the R2* of whole human blood 

In this study, the effect of oxygenation on the 
observed MR signal intensity at 1 . 5T for whole human blood 
containing the contrast agent of Example 1 was investigated. 

25 A static ex vivo phantom was prepared containing whole 
blood spiked with the contrast agent of Example 1 over a 
concentration range of 0 to 1.13 mM Fe. The samples were 
either oxygenated or deoxygenated (by dithionite) , giving 
oxygenation levels of 0, 25, 50, 75 and 100%. The resulting 

3 0 R2* values obtained as function of the concentration of and 
oxygenation are reported. The blood was fully oxygenated by 
gently exposing it to bubbling oxygen for several minutes. 
De- oxygenation was achieved by addition of dithionite to the 
blood samples. The percent oxygenation, hemoglobin 
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concentration, and percent hematocrit of all samples were 
measured using an automatic blood pH/gas analyser (AVL 995) , 

Plasma samples were analysed for concentrations of total 
iron (Fe) by Inductively Coupled Plasma Atomic Emission 
Spectrophotometry (ICP-AES) . 

All imaging was performed at 1 . 5 T (Philips Gyroscan 
ACS-NT) using a 3D-FFE shifted echo sequences, A shifted 
echo sequence was used with a total of 10 echoes generated. 

The echoes were shifted in steps of 1 ms with the first TE 
at 3 ms and the last TE at 13 ms . Regions of interests 
(ROI^s) were defined for each sample in each imaging series. 

The mean signal intensity (SI) and the standard deviation 
of the mean intensity were recorded. Parametric R2* maps 
were generated on a pixel-by-pixel basis from the shifted 
echo images after image smoothing (to redue noise) . R2* was 
fitted from the data set using the expression SI = A exp(- 
R2*TE) ; where A is a constant and TE is the echo time. A 
standard 3D-FFE sequence (TR/TE/flip =13.9 ms/ 3.1 ms/35E) 
was also used. 

Figure 7 shows an MR image of the static phantom. The 
image was acquired using a 3D-FFE sequence. The effect of 
blood oxygenation on signal enhancement is clearly evident. 

Notice that at low contrast agent concentrations the signal 
intensity (SI) is higher in oxygenated compared to 
deoxygenated blood whereas at high contrast agent 
concentrations the situation is reversed (SI is higher in 
deoxygenated blood) . Figure 8 shows the correlation between 
R2* and contrast agent concentration as a function of blood 
oxygenation confirming the effect seen in the MR image of 
Figure 7. At contrast agent concentrations of below about 
0.5 mM Fe, R2* is higher in deoxygenated blood compared to 
oxygenated blood. At higher contrast agent concentrations 

(e.g. above approx. 0.8 mM Fe) R2* is higher in oxygenated 
blood than in deoxygenated blood. In the intermediate 
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concentration range the relationship between R2* and 
oxygenation is not well defined and arteries and veins are 
expected to exhibit similar R2* values. 

Figure 9 shows the correlation between R2* and blood 
5 oxygenation as a function of contrast agent concentration. 
At clinically relevant oxygenation levels (above 50%) , a 
nearly linear correlation between R2* and oxygenation level 
exists at both the lower and higher contrast agent 
concentration levels. 

10 

EXAMPLE 7 

MR angiography in a pig model 

The purpose of this study was to investigate whether 
the difference in transverse relaxation, R2*, between 

15 arteries and veins could be observed in a pig model after 
administration of a clinical dose of the contrast agent of 
Example 1. The contrast agent, at a dose of 4 mg Fe/kg, was 
injected in the ear vein of a healthy pig. Imaging was 
performed immediately after injection using a 3D gradient 

20 echo sequence (3D FFE; TR/TE/flip = 36 ms/20 ms/20E, slice 
thickness = 1 mm; Field of View = 310*310 mm) . All images 
were flow compensated ensuring that no flow-dependent 
contribution to the differences in artery/vein signal 
intensity occurred. Figure 10 shows the MR image acquired. 

25 The signal intensity of the vena cava (solid arrow) is 

higher than in the aorta (dotted arrow) , 

It is important to notice that the hematocrit in the 
pig is much lower than in humans (typically 25-30% versus 
40-50% in humans) . Consequently, the artery-vein R2* 

3 0 difference after administration of the contrast agent of 
Example 1 is expected to be much smaller in a pig model 
compared to in humans . The hematocrit dependence of the 
artery- vein R2* difference is due to the fact that the R2* 
in fully oxygenated blood increases with increasing 
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hematocrit. This is caused by the larger concentration of 
red blood cells at high hematocrit, and higher plasma 
concentration of contrast agent. 

Consequently, the difference in SI between arteries and 
5 veins would be expected to be more pronounced in humans (as 
can be seen from Example 3 above) . 



EXAMPLE 8 

Comparison of the R2* of blood containi ng a SPIQ 

10 contrast agent and a gadolinium chelate contrast agent 

The purpose of this study was to compare the effect of 
blood oxygenation on R2* in whole human blood containing a 
SPIO contrast agent or a chelated paramagnetic metal ion 
contrast agent. Since the study was done in vitro, 

15 extravasation of the chelated ion contrast agent was not at 
issue and the ECF agent Gd DTPA was used. Since GdDTPA has 
a much lower magnetic moment than a SPIO, it was expected 
that the equalization of intra- and extracellular 
magnetisation in deoxygenated blood would occur at a much 

20 higher concentration of GdDTPA compared to the SPIO contrast 
agent of Example 1 . 

Fresh whole human blood having a hematocrit of 44% was 
drawn in to seven identical sample tubes. Three of the 
samples were spiked with the contrast agent of Example 1 so 

25 that the concentration of contrast agent added ranged from 
1.00 to 2.99 mM Fe. Three of the samples were spiked with 
GdDTPA so that the concentration of gadolinium ranged from 
1.22 to 3.58 mM Gd and one blank sample was prepared. The 
percent oxygenation, hemoglobin concentration, and percent 

3 0 hematocrit of all samples were measured using an automatic 
blood pH/gas analyser {AVL 995) . Plasma samples were 
analysed for concentrations of total iron (Fe) by 
Inductively Coupled Plasma Atomic Emission Spectrophotometry 
(ICP-AES) . 
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The samples were prepared so that the longitudinal 
relaxation rates (Rl) at 300 MHz would be equivalent for 
samples 1 and 4, for samples 2 and 5, and for samples 3 and 
6, as shown in Table 2 below 
5 Table 1 - Estimated longitudinal Relaxation rates at 

300 MHz (37EC) 



Sample [Fe] [Gd] Estimated Rl at 

Number (mM) (mM) 300 MHz 

10 (s'^) 



H 15 

iri- 



1 1.0013 0 4,87 

2 1.9868 0 8,67 

3 2.9865 0 12.53 

4 0 1,2255 4,88 

5 0 2.4190 8.66 

6 0 3,5813 12,33 
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The blood samples were either fully oxygenated (by 
gently bubbling oxygen through the sample for several 

25 minutes) or fully de-oxygenated {by addition of dithionite) . 

NMR spectroscopy was performed at 300 MHz (7.05 T) on a 
Varian VXR3 0 0S spectrometer equipped with a 5 mm IH- 
broadband computer- switcheable probe. Blood samples were 
prepared in 5 mm NMR tubes (Norell 508 -UP) . The temperature 

3 0 was adjusted to 37EC using an ethyleneol temperature 
standard. After initial shimming using a spinning D2O 
sample, the shim values were left unchanged. Samples were 
analysed without spinning and with the lock disconnected. 
Data was acquired as soon as the frequency of water 
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resonance had ceased to move significantly, a long delay 
between introduction of the sample into the magnet and the 
acquisition of the data being undesirable as cell 
sedimentation could lead to artificial changes in the 
5 linewidth. 

Figures 11 and 12 show the linewidth versus 
concentration of the contrast agent of Example 1 and GdDTPA 
respectively in oxygenated and deoxygenated blood. Figure 
11 indicates that at 7.05T the concentration of the contrast 
10 agent of Example 1 giving a minimum linewidth in fully 

deoxygenated blood is approximately 2 mM Fe. From Figure 12 
it is evident that at the highest concentration of GdDTPA 
O investigated (3.58 mM Gd) the concentration giving a minimum 

'f^ linewidth is still not reached. 

15 Compared to the 2 mM Fe minimum linewidth dose for the 

SPIO agent, a much higher concentration of gadolinium is 
needed to fully cancel the susceptibility effects in 
deoxygenated blood. This is because the induced 
£3 magnetisation of Gd"^"^ is lower than for SPIOs, even at such 

iJ 20 high field strengths (7.05T) . In fact, in the case of 

gadolinium (or any other paramagnetic compound) the minimum 
P linewidth concentration is independent of field strength 

'"^ because the magnetisation of both the paramagnetic ion and 

of the paramagnetic deoxyhemoglobin increases linearly with 
25 field strength. The magnetic susceptibility of Gd^"^ is 2.5 
X 10~^ cgs/mole (= 2.5 x 10"^ cgs/(cm^x mM Gd) ) . Given that 
the magnetic susceptibility of fully deoxygenated blood is 
2*10""^ cgs/cm^, the minimum linewidth concentration of Gd^^ 
is 7.9 mM Gd. Converting this to whole blood concentration 
30 ([Gd]b= [Gd]p* (1-Hct) where [GdJb and [Gd]p are whole blood 
and plasma Gd concentrations and Hct is the hematocrit 
value) it is seen that a Gd concentration of 4.4 mM Gd is 
needed to cancel the susceptibility effects in fully 
deoxygenated blood. The minimum linewidth concentration of 
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the SPIO will be field strength dependent because the 
magnetic moment of the SPIO particle is almost independent 
of field strength at clinical fields (the particle is 
essentially magentically saturated at IT) , whereas the 
5 magnetisation due to deoxyhemoglobin increases linearly with 
field. Consequently, the concentration giving a minimum 
linewidth will increase with field strength. 

It can be concluded that a higher concentration of a 
paramagnetic agent relative to a superparamagnetic agent is 

10 needed to get a substantial reduction in R2* in deoxygenated 
blood. It is important to notice that the oxygenation 
dependent effect of paramagnetic chelates is field 
independent. This is due to the fact that the magnetisation 
of both deoxyhemoglobin and of the paramagnetic ion has a 

15 linear field dependence. With superparamagnetic agents the 
oxygenation effect is strongly field dependent. The lower 
the field; the lower the minimum linewidth concentration 
{the concentration where the susceptibility effects in 
deoxygenated blood are completely eliminated) . In order to 

20 use the difference in R2* to separate arteries from veins, 
it is important that the absolute difference in R2* is as 
large as possible. This requires that the concentration of 
the magnetically active substance is above the 'matching' 
concentration. For the contrast agent of Example 1, the 

25 required concentration is likely to fall within the 

clinically tested dose range at relevant field strengths. 
For gadolinium based substances the required dose is much 
higher and is may only be achievable at 'first pass' 
concentrations (where artery/ veins separation is not an 

3 0 issue) . However ; a low concentration of a gadolinium 

chelate may still be very useful to differentiate arterial 
from venous blood by increasing the blood signal intensity 
in Tl -weighted images and then making use of the inherent T2 
difference between arteries and veins to obtain a 
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differential enhancement as described above. 
EXAMPLE 9 

Effect of contrast agent concentration and percent 
blood oxygenation on the R2* of whole human blood 

In this study, the effect of oxygenation on the 
observed MR signal intensity at 1.5T for whole human blood 
containing a gadolinium chelate was investigated. Since the 
investigation was carried out in vitro and extravasation was 
thus not of concern, GdDTPA (an ECF rather than a blood pool 
agent) was used. A static ex vivo phantom was prepared 
containing whole blood spiked with GdDTPA over a 
concentration range of 0 to 9 ,4 mM Gd, The samples were 
either fully oxygenated (by gentle bubbling of oxygen 
through the sample for several minutes) or fully de- 
oxygenated (by addition of dithionite) . The resulting R2* 
values obtained as function of GdDTPA concentration and 
oxygenation were measured. The percent oxygenation, 
hemoglobin concentration, and percent hematocrit of all 
samples were measured using an automatic blood pH/gas 
analyser (AVL 995) . Plasma samples were analysed for 
concentrations of total iron (Fe) by Inductively Coupled 
Plasma Atomic Emission Spectrophotometry (ICP-AES) . 

All imaging was performed at 1,5T (Philips Gyroscan 
ACS-NT) using 3D-FFE shifted echo sequences. A shifted echo 
sequence was used with a total of 10 echoes generated. The 
echoes were shifted in steps of 1 ms with the first TE at 3 
ms and the last TE at 13 ms. Regions of interests (ROI^s) 
were defined for each sample in each imaging series. The 
mean signal intensity (SI) and the standard deviation of the 
mean intensity were recorded. Parametric R2* maps were 
generated on a pixel -by-pixel basis from the shifted echo 
images after image smoothing (to reduce noise) . R2* was 
fitted from the data set using the expression SI=Aexp(- 
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R2*TE) / where A is a constant and TE is the echo time. 

Figure 13 shows the curve of R2* versus Gd 
concentration in oxygenated and deoxygenated blood. The 
effect of blood oxygenation on R2* is clearly seen. In 
5 fully oxygenated blood, an almost linear relationship exists 
between R2* and Gd concentration. In deoxygenated blood, on 
the other hand, an initial decrease in R2* occurs with 
increasing Gd concentration. A minimum R2* is reached at a 
gadolinium concentration of about 6-7 mM. The shape of the 
10 curve is similar to that seen for SPIO contrast agents, only 
that the minimum R2* occurs at a much higher contrast agent 
concentration . 

C3 Figure 14 shows an image of the phantom (2D-FFE, TR=100 

3 

I;J ms, TE=8 ms, flip = 30 degrees) , The inner circle contains 

1=4 15 oxygenated blood samples and the outer circle oxygenated 

samples. Notice that, at low Gd concentrations, a clear 
difference in signal intensity is observed between 
^•'3 oxygenated and deoxygenated blood, with oxygenated blood 

giving a higher signal intensity. At the higher 
ly 2 0 concentrations the situation is reversed with deoxygenated 

1ft blood giving a higher signal intensity. The low 

Q concentration effect could be an attractive way to separate 

■ arteries from veins in gadolinium enhanced MRI . 



25 EXAMPLE 10 

Sub-matched susceptibility contrast agent concentration 
combined with non-spoiled gradient echo imaging 

Into a phantom were placed three vials containing whole 
human blood spiked with 0.25 mM Fe of the contrast agent of 
30 Example 1. In one vial the blood was fully oxygenated, in a 
second 50% oxygenated and in the third fully deoxygenated. 

The contrast agent concentration corresponded to a 1 mg 
Fe/kg bodyweight dosage in humans. 

The phantom was imaged using a 1,5 Tesla Philips 
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Gyroscan ACS/NT magnetic resonance imager. In collecting 
the image of Figure 15, a spoiled FFE sequence was used (TR 
= 100 ms/TE = 8 ms/flip = 20E) . In collecting the image of 
Figure 16, a non-spoiled FFE sequence was used (TR = 14 
5 ms/TE = 8.8 ms/flip = 35E) . In the spoiled image the 

signal intensity for all three blood samples is essentially 
equal. In the non-spoiled image there is a large signal 
intensity difference between the oxygenated and deoxygenated 
blood. 
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